The native octameric structure of streptococcal enolase from Streptococcus pyogenes 16 increasingly dissociates as amino acid residues are removed one by one from the 17 carboxy-terminus. These truncations gradually convert native octameric enolase into 18 monomers and oligomers. In this work, we investigated how these truncations influence 19 the interaction between Streptococcal enolase and canine plasminogen. We used dual 20 polarization interferometry (DPI), localized surface plasmon resonance (LSPR), and 21 sedimentation velocity analytical ultracentrifugation (AUC) to study the interaction. The 22 DPI was our first technique, was performed on all the truncations and used one exclusive 23 kind of chip. The LSRP was used to show that the DPI results were not dependent on the 4 54 Fig 1: Surface representation of the Str. enolase and human plasminogen crystal structures 55 A. The homo-octamer of str. enolase (green) presented in front and side view. The red color 56 represents the carboxy-terminal amino acid residues from 428 to 433 at the dimer-dimer interface 57 where the truncations were made; the salmon color represents the amino acid residues 252 and 58 255. The last two residues, 434, 435, are not visible in the X-ray structure nor is the hexa-his tag. 59 The dimensions of Str. enolase are 15 nm x 5 nm. B. Human plasminogen with the five kringle 60 domains and the preproteolytic domain shown in different colors. Its dimensions are 10 nm x 8.5 61 nm x 5 nm. The crystal structures were taken from the PDB (Str. enolase 3ZLH) [10] and 62 Plasminogen 4DUU [8]. These structures are not shown in identical scales.
2 24 type of chip used. The AUC was required to show that our surface results were not the 25 result of selecting a minority population in any given sample; the majority of the protein 26 was responsible for the binding phenomenon we observed. By comparing results from 27 these techniques we identified one detail that is essential for streptococcal enolase to bind 28 plasminogen: In our hands the individual monomers bind plasminogen; dimers, trimers, 29 tetramers may or may not bind, the fully intact, native, octamer does not bind 30 plasminogen. We also evaluated the contribution to the equilibrium constant made by 31 surface binding as well as in solution. On a surface, the association coefficient is about 32 twice that in solution. The difference is probably not significant. Finally, the fully 33 octameric form of the protein that does not contain a hexahis N-terminal peptide does not 34 bind to a silicon oxynitride surface, does not bind to a Au-nanoparticle surface, does not 35 bind to a surface coated with Ni-NTA nor does it bind to a surface coated with DPgn. The 36 likelihood is great that the enolase species on the surface of Streptococcus pyogenes is an 37 x-mer of the native octamer. 38 39 Introduction: 40 In 1991 Miles, Plow and their colleagues established that human plasminogen would bind 41 to enolase on human cells [1] . Since that time, there has been a proliferation of the 42 literature showing that enolase on a myriad of different cells will bind plasminogen. 43 The enolase from Streptococcus pyogenes (Str. enolase) [2] ( Fig 1A) , as well as enolases 44 from other bacterial sources, acts as a cell surface receptor for plasminogen [3, 4] . The 45 current view is that Str. enolase on the surface of the bacterial pathogen binds 46 plasminogen, the plasminogen is activated to plasmin, and the plasmin helps to degrade 47 some of the proteins which form the tight junctions between cells [5] . This promotes the 48 spread of the pathogen [6] . 49 Plasminogen is found in mammalian blood. The canine plasminogen, used in this work, 50 consists of 793 amino acids organized into an N-terminal domain followed by five 51 kringle domains and ending in a trypsin like domain ( Fig 1B) [7, 8, 9] . Plasminogen is 52 tightly knotted by 24 cystines. 5 64 Streptococcal enolase from Str. pneumoniae and the closely related Str. enolase from Str. 65 pyogenese are homo-octamers [10] [11] [12] . Each monomer contains 435 amino acid residues. 66 The octamer is tetramer of dimers ( Fig 1A) . 67 Each monomer of enolase has two proposed potential binding sites for plasminogen 68 [11, 12] .They are residues K435/K434 and residues K252/K255. 435 and 434 do not show 69 in the X-ray structure. 433-428 are shown in red, while 252 and 255 are shown in orange 70 in Fig 1A. Str. enolase was sequenced and the sequence deposited in the protein data 71 bank (accession number NP_268959.1) [13] . The enolase clone used here was generously 72 provided by Vijay Pancholi [14] ; it has variations at F137L and E363G compared to the 73 structure in the Data Bank (Str. enolase DB). We refer to the protein with its two changes 74 as Str. enolase 137/363; it is the reference structure for all the work reported here. 75 The interaction between plasminogen and enolase in their native forms is not tight; it is 76 sufficiently weak that we have not been able to detect it. However, when either protein 77 goes from native to non-native, complex formation is easily detected [15, 16] . 78 The removal of carboxy-terminal amino acid residues close to the dimer-dimer interface 79 of the enolase has been shown to destabilize the octameric structure of the protein and 80 leads to monomers and oligomers [17] . Mutating residue 312 as well as other residues 81 destabilizes the octameric structure and leads to reduced activity compared to the native 82 octamer [10] . In this work we studied the interaction between plasminogen and mutated 83 enolase species where the carboxy-terminal amino acid residues were removed 84 sequentially from residue 435 to 428 Before use, all proteins were dialyzed for 48 hours with three changes of buffer. 105 Following dialysis the proteins were centrifuged for 5 minutes (13 000 rpm, RT) to 106 remove the largest aggregates. The influence of the three buffers on the structure of Str. 107 enolase is significant, is dependent on the initial equilibrium position of the 108 octamer/monomer equilibrium and is shown in Figs S1 and S2. 7 109 All chemicals were of highest purity available. Most were purchased from Sigma-Aldrich 110 or Fluka Chemical Co. 111 The reference protein for the work reported here is Str. enolase F137L/E363G. It has an 112 N-terminal hexa-histidine tag. We have also worked with the Str. enolase whose amino 113 acid sequence is identical with that in the data bank (Str. enolase DB). It and all the 114 mutated forms of Str. enolase have a hexa-his tag at the N-terminus except Str. enolase pure this resulted in a very small correction. For 137/363 -4, which is between 80% and 166 90% pure but is polydisperse, the calculated functional concentration for the monomer 167 peak was considerably less than the added total protein. 168 We used Sedfit to qualitatively establish whether there was an interaction between the 169 two proteins. c(s) easily handles large data sets; it is extremely precise and is model 170 dependent. Differences in s values greater than 0.5% are real. 171 We have also used DCDT+ (DCDT+ version 2.4.3 [40-42]) to evaluate the AUC data. 172 The DCDT+ approach is discussed in the supplementary text 1. 173 As previously reported, the truncation of Str. enolase 137/363 enolase from the carboxy- Results and Discussion. 180 We were motivated to undertake this work by our finding that truncation of the carboxy- 14 241 Based on data such as that in Fig 2B, Fig 3 shows (Fig 3B) . The total thickness of the Str. enolase plus DPgn appears to be 253 dependent on the degree of truncation ( Fig 3A) . It has to be emphasized that in our hands, 254 there is a significant degree of variation in both mass and thickness determinations. The The data of Table 1 The DB no tag will not bind to a gold nanoparticle chip ( Fig S3) just as it does not bind to 298 a silicon oxynitride chip; it will also not bind to an Au chip saturated with DPgn ( Fig S4) . The criteria for deciding whether binding occurred were based on both the integrated s 378 value of the DPgn peak and the actual position of the peak. If the peak and the integrated 379 position increased in value in the presence of Str. enolase compared to its absence, we 380 assumed it was because binding of something had occurred to cause the shift. This view is reinforced when the data are evaluated by DCDT+ ( Fig S6) . 28 439 We then asked the question: can we identify which species in the mix appear and which 440 disappear and does the appearance/disappearance correspond to any known species of Str. what forms of enolase bind to the chip. We also do not know which species on the chip 479 are binding the DPgn. We emphasize that when considering a protein binding non-480 specifically to a chip, it is difficult to know just which species or subspecies is binding. 481 Can we be reasonably certain of which species is binding in the AUC experiments? We 
